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We address the problem of accounting for light neutrino masses in theories with dynamical elec-
troweak symmetry breaking. As a possible solution, we embed (extended) technicolor in a theory
in which a j∆Lj = 2 neutrino condensate forms at a scale ΛN > 1011 GeV, and produces acceptably
small (Majorana) neutrino masses. We present an explicit model illustrating this mechanism.
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An understanding of the fermion mass spectrum re-
mains an intriguing challenge for particle physics. The
standard model (SM) accomodates quark and charged
lepton masses by the mechanism of Yukawa couplings
to a postulated Higgs boson, but this does not pro-
vide insight into these masses, especially since it re-
quires small dimensionless Yukawa couplings for all of
the charged fermions except the top quark, ranging down
to 10−6 − 10−5 for the electron and u and d quarks.
The standard model has zero neutrino masses, and hence
must be modied to take account of the increasingly
strong evidence for the very small but non-zero neutrino
masses and signicant lepton mixing from solar and at-
mospheric data [1,2], consistent with the K2K accelerator
neutrino experiment [2].
Since masses for the quarks, charged leptons, and
known neutrinos break the chiral gauge symmetry of the
standard model, an explanation of these masses necessar-
ily involves a model for electroweak symmetry breaking
(EWSB). One possibility is dynamical electroweak sym-
metry breaking involving an unbroken strongly coupled
gauge group denoted generically as technicolor (TC) [3]-
[9]. The EWSB arises from the condensation of tech-
nifermion bilinears. The generation of realistic masses
for the charged leptons and u, d, s, c, and b quarks
seems attainable in this framework, via extended tech-
nicolor (ETC), in particular with slowly running ("walk-
ing") technicolor.
To account for the very small neutrino masses is, how-
ever, a greater challenge for dynamical EWSB models.
As conventionally formulated, these theories have no very
large mass scale analogous to the grand unication scale
MGUT that enters in the seesaw mechanism [10] yield-
ing a Majorana mass mν  m2D=mR, where mD is a
Dirac mass and mR  MGUT is the mass characterizing
electroweak-singlet neutrinos.
In this letter we examine the problem of neutrino
masses in theories with dynamical EWSB. Although
some previous attempts have been made to study this
problem [4,6,8], it is important to reconsider it in light of
later theoretical and experimental developments. Refs.
[4,8] did not include a seesaw mechanism and explored a
suppression mechanism for Dirac neutrino masses. This
approach does not, however, yield enough suppression to
agree with current experimental indications.
We rst present a general discussion taking the tech-
nicolor gauge group to be SU(NTC). The set of
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transforming according to the fundamental represen-
tation of SU(NTC) and the usual representations of
GSM = SU(3)  SU(2)L  U(1)Y (color and TC in-
dices are suppressed). To satisfy constraints from
flavor-changing neutral-current processes, the ETC vec-
tor bosons, which can mediate generation-changing tran-
sitions, must have large masses. We envision that
these arise from self-breaking of the ETC gauge sym-
metry via ETC-nonsinglet fermion condensation, which
requires that ETC be a chiral gauge theory, strongly cou-
pled at this breaking scale (
ET C
 O(1)). The self-
breaking occurs in stages, yielding a hierarchy of ETC
scales corresponding to the Ngen = 3 SM generations:
SU(NETC) ! SU(NETC − 1) at ETC,1  103 TeV,
SU(NETC − 1) ! SU(NETC − 2) at ETC,2  102 TeV,
and SU(NETC − 2) ! SU(NTC) at ETC,3  few TeV.
This implies NETC = NTC + Ngen. Additional ingredi-
ents are very likely necessary to explain the large top-
quark mass and to insure the absence of light pseudo
Nambu-Goldstone bosons [9]. However, we explore here
the possibility that an ETC model of the above type (pos-
sibly a sector of a larger theory) can yield a plausible
explanation of neutrino masses.
A particularly attractive choice for the technicolor
group, used in the explicit model to be presented here,
is SU(2)TC , i.e. NETC = 5 for Ngen = 3, which has the
appeal that it minimizes the TC contributions to the S
parameter [11] and can yield walking behavior, allowing
for realistically large quark and charged lepton masses.
With Nf  8 vectorially coupled technifermions in the
fundamental representation, studies suggest that this TC
theory could have an (approximate) infrared xed point
(IRFP) in the conning phase with spontaneous chiral
1
symmetry breaking (SSB), but near to the phase transi-
tion (as a function ofNf for xedNTC) beyond which the
theory would go over into a nonabelian Coulomb phase
[12,13]. This approximate IRFP provides the walking
behavior, enhancing the technifermion condensates that
control the quark and charged lepton masses.
A rough estimate of these masses can be made by not-
ing that in QCD one has the relation hqqi=f3pi = r, where
r = m2pi=[(mu + md)fpi]. Conventional current algebra
estimates give mu +md ’ 15 MeV [14] while lattice mea-
surements yield (mu + md)=2 ’ 5 MeV [15]; averaging
these gives r ’ 20. In walking TC theories, h FF i is en-
hanced relative to its QCD-like value by a factor a as
large as ETC,a=fF [16], where fF  TC is the technip-
ion decay constant and ETC,a is the relevant ETC scale.
Putting these factors together, the TC condensate at
ETC,a is h FF ia = rTCaf3F , with rT C = r(3=NTC)1/2,




L) ’ (g2=4)(Nc + 1)f2F , we have
fF ’ 130 GeV.
In general, the quark and charged lepton masses arise
from ETC gauge boson exchange leading to four-fermion
operators of the form [ fiLfR][ FRF iL]. Technifermion con-












where ETC,a is taken to be the mass of the relevant





Technicolor models in general also have a set of
electroweak-singlet neutrinos, sR, s = 1; :::; ns [17] in
addition to the usual threee weak-isospin-doublet neutri-
nos and NTC technineutrinos. The contributions to the
total neutrino mass matrix are then of three types: (i)
left-handed Majorana, (ii) Dirac, and (iii) right-handed
Majorana. The Majorana terms (i) and (iii) will occur
only if the model includes interactions that violate total
lepton number by jLj = 2 units. A plausible explana-
tion for neutrino masses in this general framework is that
an (ETC-invariant) jLj = 2 neutrino condensate forms
at a very high scale N > 1011 GeV, and that this pro-
duces the necessary seesaw. This involves an extension
of ETC model-building, which has for the most part used
as its highest explicit scale ETC,1  103 TeV.
The left-handed Majorana mass terms take the form
NETCX
i,j=1
[ TiL(ML)ijC jL] + h:c: (2)
where  iL include the electroweak-doublet left-handed
neutrinos for i; j = 1; 2; 3 and technineutrinos for i; j =
4; ::NETC ; and C = iγ2γ0. Left-handed Majorana masses
violate the electroweak gauge symmetry, and, for tech-
nineutrinos, also the TC symmetry, which is exact. Thus,
even after electroweak breaking, (ML)ij = 0 for i or j
= 4; ::NETC). In an operator analysis, the non-vanishing
elements of ML arise from six-fermion operators and the
formation of bilinear fermion condensates.
Dirac neutrino mass terms arise in the usual TC man-
ner. The technineutrinos develop dynamical masses of
order the TC connement scale TC . The TC-singlet
Dirac masses arise from ETC gauge boson exchange lead-





Bas[ LaiLsR][ FRF iL] + h:c: (3)
where Bas  (ETC,a=(42ETC,a). This yields, via tech-















With the above inputs, this can yield third-generation
Dirac neutrino masses of order 1− 10 GeV.





where the nonzero elements of MR are expected to range
in magnitude from O(TC) to O(N ).
Let us dene the NETC -dimensional vector nL 
(f`g; fNg)L where ‘ = e; ;  and N has NTC compo-
nents, and the ns-dimensional vector R  (1; :::; ns).
Then the full neutrino mass term is











Since (ML)T = ML and (MR)T = MR, the full (NETC +
ns)  (NETC + ns) neutrino mass matrix M is complex
symmetric and can be diagonalized by a unitary transfor-
mation Uν asMdiag. = UνMUTν . This yields the neutrino
masses and corresponding transformation U relating the
weak and mass eigenstates of the neutrinos. The lepton
mixing matrix is then U = UνU
y
` , where U` is involved
in the diagonalization of the charged lepton mass matrix
[18]. The largest scale N in MR can now produce a see-
saw mechanism that can yield acceptably small Majorana
masses for the weak-isospin-doublet neutrinos.
We next present an explicit model that illustrates this
general idea. The gauge group is
G = SU(5)ETC  SU(2)HC  SU(4)PS  SU(2)L  SU(2)R;
(8)
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where the SU(4)PS Pati-Salam gauge group contains
color SU(3)c [17]. The SU(2)HC interaction (HC = hy-
percolor) is present to help trigger the desired, sequential
ETC breaking pattern. The fermion content of the model
includes standard-model fermions and technifermions in
the representations (5; 1; 4; 2; 1)L containing three fam-
ilies of left-handed quarks and leptons together with
one family of left-handed SU(2)TC technifermions; and
(5; 1; 4; 1; 2)R containing the corresponding right-handed
SU(2)L-singlet fermions. In addition, we include a set
of SM-singlet fermions that make the ETC theory chi-
ral: a (5; 1; 1; 1; 1)R, denoted by NjR, j = 1; ::5, a
(10; 1; 1; 1; 1)R, and a (10; 2; 1; 1; 1)R.
The SU(5)ETC theory has no gauge or global anoma-
lies, and each of the nonabelian factor groups in G is
asymptotically free. There are no bilinear fermion op-
erators that are invariant under G, and hence there are
no bare fermion mass terms. This model has several fea-
tures in common with the ETC model, denoted AT94, of
[8] such as the SU(5)ETC and SU(4)PS groups, and the
breaking pattern, but diers with it in that (i) some of
the fermion content is dierent, (ii) AT94 did not contain
large Majorana neutrino condensates or a seesaw but in-
stead attempted to suppress Dirac neutrino masses using
the mechanism of [4], and (iii) AT94 took as its maximal
explicit mass scale ETC,1  103 TeV.
We assume that at a scale N >> ETC,1, attractive
forces lead to condensation in the channel (5; 1; 4; 1; 2)R
 (5; 1; 1; 1; 1)R ! (1; 1; 4; 1; 2). This condensate breaks
SU(4)PS ! SU(3)c and SU(2)R ! U(1)R, leaving the
rest of G unbroken. Using SU(4)PS gauge transforma-
tions, we may rotate the condensate into the neutrino





where the niR are the neutrino and technineutrino elds
from the (5; 1; 4; 1; 2)R. This channel is attractive with
respect to the SU(5)ETC interaction (with C2 = 24=5
[13] in the single-gauge-boson-exchange, most attractive
channel [MAC] analysis), but the SU(5)ETC coupling
is presumably small at N since it should get large
(
ETC
 O(1)) and produce self-breaking of the ETC
symmetry only at the much smaller scale ETC,1  106
GeV. Hence additional physics, not specied here, is nec-
essary to produce this condensate.
As the energy decreases below N , the gauge group
of the eective theory becomes SU(5)ETC  SU(2)HC 
GSM . Here SU(5)ETC and GSM are chiral, while GHC
is vectorial. The fermions include a (5; 1; 3; 2)1/3,L, a
(5; 1; 3; 1)4/3,R, and a (5; 1; 3; 1)−2/3,L (subscripts give hy-
percharge) containing the SM fermions and the TC fam-
ily, and the SM-singlets (10; 1; 1; 1)0,R and (10; 2; 1; 1)0,R.
We envision that at E  ETC,1, ETC grows suf-
ciently to produce the condensation in the attractive
channel (10; 1; 1; 1)0,R  (10; 1; 1; 1)0,R ! (5; 1; 1; 1)0,
breaking SU(5)ETC ! SU(4)ETC . In the MAC anal-
ysis, this is a highly attractive channel (C2 = 24=5),
although not the MAC itself (10 10 ! 1, with C2 =
36=5, is the MAC). But since fermion condensation is a
nonperturbative phenomenon, there is no rigorous argu-
ment picking one attractive channel over another. We
assume here that our desired channel is chosen nonper-
turbatively. With respect to the unbroken SU(4)ETC , the
(10; 1; 1; 1)0,R contains (4; 1; 1; 1)0,R and (6; 1; 1; 1)0,R; we
denote the 4 as iR and the 6 as the antisymmetric tensor

[ij]
R , i; j = 1; ::4. The SU(4)TC -invariant condensate is
hijk`[ij]TR C[k`]R i which yields a dynamical mass of order
ETC for .
At ETC,2 (which is  HC here), SU(4)ETC and
SU(2)TC couplings are suciently large to lead to-
gether to the condensation (4; 2; 1; 1)0,R(6; 2; 1; 1)0,R !
(4; 1; 1; 1), breaking SU(4)ETC ! SU(3)ETC . One role
that the SU(2)TC interaction plays is to strengthen
the attraction in this channel relative to the undesired,
SU(4)-singlet channel and thereby make the condensa-
tion in the SU(4)ETC -breaking channel more plausible.
At the lower scale ETC,3, the (3; 2; 1; 1)0,R from the
(6; 2; 1; 1)0,R is assumed to condense as (3; 2; 1; 1)0,R 
(3; 2; 1; 1)0,R ! (3; 1; 1; 1), breaking SU(3)ETC !
SU(2)TC . This breaking again involves attractive ETC
and HC interactions (see discussion in [8]). Finally, at
TC  fF , (TC-invariant) technifermion condensation
takes place, breaking SU(2)L  U(1)Y ! U(1)em.
The mass matrix of neutrino-like (colorless and electri-
cally neutral) states in Eq. (7) has NETC = 5, ns = 40,
and maximal rank. The entries in this matrix arise as the
high-energy physics is integrated out at each stage of con-
densation from N down to TC . Composite operators
of various dimension are formed, with bilinear condensa-
tion then leading to the masses. The nonzero entries of
the MR submatrix range from O(TC) to O(N ). The
nonvanishing elements of MD are of order TC for the
technineutrino masses and in the usual range of Dirac
masses for technisinglets. Nonzero entries for hypercol-
ored and technicolored fermions, which are conned by
the HC and TC gauge interactions, have values of or-
der HC and TC , respectively. Because of hypercolor
invariance the matrix is block diagonal with a block in-
volving only the (10; 2; 1; 1)0,R and a block involving the
hypercolor-singlet fermions.
Diagonalizing the full neutrino mass matrix, we nd
the following large neutrino mass eigenstates and corre-
sponding eigenvalues : (i) linear combinations (LC’s)
of niR and NiR, i = 1; ::; 5, have   N , forming ve
Dirac fermions (ii) LC’s of components of the six [ij]R ,
i = 1; ::; 4, have   ETC,1, forming three nearly
Dirac neutrinos; (iii) the components of (10; 2; 1; 1)0,R
have  = HC , forming ten Dirac neutrinos; (iv) six
components of R and N cR form states with ’s (in three
sets of opposite-sign pairs) with magnitudes ranging from
TC to ETC,3.
This diagonalization also yields three mass eigenstates
comprising the observed electroweak-doublet neutrinos,
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with ’s containing terms from ML and seesaw terms,
which are both of order m2D=N , where here mD indi-
cates a Dirac-type mass appropriate for the given gener-
ation. ML arises here via ETC boson exchange along
with condensation in the right-handed sector at scale
N . With reasonable inputs for condensate parame-
ters, this model then yields acceptably small (Majo-
rana) masses for the three primary mass eigenstates com-
prising the electroweak-doublet neutrinos. For example,
with third-generation Dirac-type masses  few GeV and
N  1011 − 1012 GeV, one gets m(3)  0:05 eV, in
accord with inferences from atmospheric neutrino data.
In this model one can also address the neutrino mass hi-
erarchy and lepton mixing, as will be discussed further
in [19].
In summary, we have given a general analysis of neu-
trino masses in the context of dynamical electroweak
symmetry breaking and have proposed a possible solu-
tion, based on a class of extended technicolor models
that feature an ETC-invariant jLj = 2 neutrino con-
densate at a scale of > 1011 GeV. We have illustrated
this proposal with a specic model. Further experimen-
tal and theoretical studies are surely necessary to de-
termine whether the ideas presented here, or a GUT-
based seesaw, extra-dimensional approaches [20], or an-
other framework, will provide an explanation of neutrino
(and other fermion) masses.
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